The Zucker fatty (fa/fa) rat is homozygous for a mutation in the leptin receptor gene [1, 2] and develops pronounced hyperinsulinaemia and severe obesity with relatively mild hyperglycaemia [3±6]. It is considered to be a good model for the early stage of Type II (non-insulin-dependent) diabetes mellitus because it shows both hepatic and peripheral insulin resistance [4±8]. The hepatic abnormalities of genetic animal models of obesity due to either leptin deficiency (ob/ob mouse) or leptin-receptor defects (fa/ fa rat and db/db mouse) are thought to be similar to the defect(s) in Type II diabetes and accordingly their pathophysiological characteristics were studied in detail before the cloning of the genes for leptin and its receptor [9, 10] . Recent studies have identified the short-term effects of leptin on hepatic metabolism when given in vivo [11, 12] Abstract Aims/hypothesis. The Zucker fatty fa/fa rat develops hyperinsulinaemia, insulin-resistance and severe obesity as a result of a homozygous mutation in the leptin receptor gene. The aim was to characterise the metabolic defect(s) in hepatocytes from fa/fa rats. Methods. Glucose metabolism and key regulatory enzymes were investigated in hepatocytes from fa/fa and Fa/? rats after short-term culture in the absence of insulin. Results. Hepatocytes from fa/fa rats have higher glucokinase activity and expression of the glucokinase regulatory protein and higher rates of glycolysis and lipogenesis, but lower rates of glycogen synthesis than hepatocytes from Fa/? controls. Insulin caused a similar stimulation of glycogen synthesis in hepatocytes from fa/fa rats as in controls ( > twofold) but did not restore the impaired glycogen synthesis in cells from fa/fa rats. Adenovirus-mediated glucokinase overexpression stimulated glycogen synthesis and glycolysis but aggravated rather than abolished the relative impairment of glycogen synthesis in cells from fa/fa rats. Inhibition of glycolysis with 2,5-anhydromannitol, an inhibitor of glycolysis and gluconeogenesis, increased glucose 6-phosphate concentrations and glycogen synthesis in hepatocytes from Fa/ ? and fa/fa rats but did not restore the impaired glycogen synthesis in cells from fa/fa rats. Hepatocytes from fa/fa rats had a higher activity of phosphorylase a in the basal state and after incubation with insulin or glucagon and higher total phosphorylase. Conclusion/interpretation. The increased activity of phosphorylase is a major contributing factor to the impaired glycogen synthesis in hepatocytes from fa/ fa rats and could contribute to the lipogenic state by a glycogenolytic-glycolytic-lipogenic pathway. [Diabetologia (2000) 43: 589±597] 
Hepatic insulin resistance in fa/fa rats is evident from impaired suppression of hepatic glucose production during euglycaemic clamps [4, 5] , lack of suppression or transient stimulation of hepatic glucose production during an oral glucose tolerance test [6] and resistance to stimulation of glycogen synthesis by insulin after feeding [8] . Defective regulation of hepatic glucose production or hepatic glycogen synthesis by insulin in vivo could be due to changes in circulating hormones that oppose or potentiate the effects of insulin [16] or to defects (receptor or metabolic) in responsiveness of hepatocytes to hormones. The aim of the present study was to investigate the metabolic defect(s) in hepatocytes from fatty (fa/fa) rats maintained in short-term primary culture in the absence of insulin to allow recovery from the shortterm effects of hormonal perturbations in vivo.
Materials and methods
Materials. Glucose 6-phosphate dehydrogenase (Leuconostoc mesenteroides), phosphorylase kinase and other enzymes were from Sigma Chemical (St. Louis, Mo., USA). We obtained [U- 14 C]glucose, [2- 3 H]glucose, H]glucose, UDP[1-3 H]glucose from New England Nuclear (Boston, Mass., USA). Sources of other reagents were as described previously [14] .
Rats. Zucker rats (lean, Fa/? and fatty, fa/fa) were obtained from Harlan Olac (Bicester, UK) at 6 weeks of age and were used between 9 and 11 weeks (female rats) or between 10 and 11 weeks (male rats). Body weights for lean Fa/? rats were 186 ± 10 (female, n = 5) and 260 ± 5 (male, n = 10) and for fa/ fa rats 340 ± 27 (female, n = 5) and 392 ± 11 (male, n = 10) (means ± SEM). Wistar rats (male, body wt. 180±250 g) were obtained from Bantin & Kingman (Hull, UK). Standard rat chow and water were freely available. The work was done in accordance with the regulations of the United Kingdom Animal Scientific Procedures Act 1986.
Hepatocyte isolation and culture. Hepatocytes were isolated by collagenase perfusion of the liver [17] . They were suspended in minimum essential medium (MEM) containing 7 % (v/v) neonatal calf serum and seeded in multi-well plates at a density of 4´10 4 cells/cm 2 . After cell attachment (4 h) the medium was replaced by serum-free medium containing 10 nmol/l dexamethasone and the hepatocytes were cultured for 16±20 h. For overexpression of glucokinase with recombinant adenovirus encoding rat liver glucokinase [18, 19] after cell attachment hepatocytes were incubated for 90 min in serum-free medium with varying titres of AdCMV-GKL as in [20] . The medium was then changed to MEM containing 10 nmol/l dexamethasone and the cells were cultured for 16±18 h. Unless otherwise indicated the medium contained 5 mmol/l glucose. . Lactate accumulation in the medium was determined enzymically and is expressed as nmol × 3 h ±1 × mg protein ±1 . Cellular glucose 6-phosphate (G6P) was determined as in [21] . For determination of glycogen synthesis hepatocytes were washed with 0.9 % saline and extracted in 0.1 mol/l NaOH. Extracts were deproteinised with trichloroacetic acid (10 %, w/v) containing glycogen carrier and radioactivity incorporated in glycogen determined as in [17] . Glycogen synthesis determined from the incorporation of 14 C-glucose into glycogen was linear with time during 3 h and is expressed as nmol of glucose incorporated × 3 h ±1 (or min ±1 ) × mg of cell protein ±1 . Incorporation of 14 C-glucose into lipid was determined as in [22] and protein was determined as in [23] .
Enzyme activity determination. For determination of free and bound glucokinase activity hepatocyte monolayers were washed once with 0.9 % saline and incubated in permeabilisation medium containing 300 mmol/l sucrose, 5 mmol/l MgCl 2 , 3 mmol/l HEPES, 2 mmol/l dithiothreitol, 0.04 mg/ml digitonin, pH 7.2. After 8 min the medium was collected for determination of free glucokinase activity and the bound activity was extracted as in [20] . Glucokinase was assayed by the glucose 6-phosphate dehydrogenase (Leuconostoc mesenteroides) linked assay [20] . Total glucokinase activity is expressed as milliunits/mg cell protein and the free activity is expressed as a percentage of total (free + bound) activity. Glucokinase regulatory protein was determined by western blotting (24) . For determination of phosphorylase a and glycogen synthase activity (active and total) hepatocyte monolayers were snap-frozen in liquid N 2 and extracted as in [14] . Phosphorylase a was assayed spectometrically using a Cobas-Bio Centrifugal Analyzer (Roche Diagnostics, Basel, Switzerland) [14] . Total phosphorylase was determined after conversion of phosphorylase b to phosphorylase a using phosphorylase kinase [25] . Glycogen synthase (active and total) was determined in the absence or presence of 10 mmol/l G6P, respectively [26] . Activities are expressed in milliunits/mg of cell protein and active glycogen synthase is also expressed as a fraction of total activity (±G6P: + G6P).
Expression of results.
Results are expressed as means ± SEM for the number of cell preparations indicated. Statistical analysis was by the Student's unpaired t test for comparisons between Fa/? and fa/fa preparations and by the paired t test for comparisons within the same preparations. A difference was considered to be statistically significant when p was less than 0.05.
Results
Increased glucokinase activity and glycolysis in hepatocytes from fa/fa rats. The activity of glucokinase and the expression of glucokinase regulatory protein after 16 h culture in serum-free medium were twofold higher in hepatocytes from female fatty fa/fa rats than from Fa/? controls (Table 1 ). Similar differences in glucokinase activity were observed between fa/fa and Fa/? hepatocytes from male rats (results not shown). Previous studies on fresh liver have also shown a twofold higher activity of glucokinase in fa/ fa rats than controls [27] . The fractional distribution of glucokinase between free and bound states which is a measure of the enzyme in the cytoplasm and nuclear compartments, respectively increased with increasing glucose concentration in agreement with previous findings on Wistar rats [20] and was similar in hepatocytes from fa/fa and Fa/? rats at high glucose concentration but at low glucose was slightly higher in cells from fa/fa rats ( Fig. 1) . Hepatocytes from fa/ fa rats had higher rates of glycolysis (detritiation of H]glucose and formation of lactate) and lipogenesis from 14 C-glucose but lower rates of glycogen synthesis than cells from Fa/? controls (Table 1) .
Glucokinase overexpression stimulates glycogen synthesis and glycolysis but aggravates the impaired glycogen synthesis in hepatocytes from fa/fa rats. Because glycogen synthesis in hepatocytes is very sensitive to small changes in glucokinase activity [20] the finding that hepatocytes from fa/fa rats have impaired glycogen synthesis despite a twofold increase in glucokinase activity was surprising. We therefore investigated the relation between glucokinase activity (by overexpressing the enzyme using recombinant adenovirus) and glycolysis and glycogen synthesis in hepatocytes from fa/fa and Fa/? rats. Glucokinase overexpression resulted in increased glycolysis and glycogen synthesis (Fig. 2 ) in cells from both fa/fa and Fa/? rats. The increment in glycogen synthesis was, however, smaller in hepatocytes from fa/fa rats and glucokinase overexpression did not correct the defect in cells from fa/fa rats (Fig. 2 ).
Glycogen synthesis, synthase and phosphorylase activities. Insulin caused a similar stimulation of glycogen synthesis in hepatocytes from female fa/fa and Fa/? rats (3 and 2.5-fold, respectively) and did not abolish the lower rate of glycogen synthesis in cells from fa/ fa rats (Fig. 3) . The concentration of insulin that caused the half-maximum effect was similar (~0.1 nmol/l) in fa/fa and Fa/? cells (Fig. 3) . Similar differences in rates of glycogen synthesis were observed in hepatocytes from male rats (Fig. 4) and male rats were used in the rest of this study. The lower rate of glycogen synthesis was associated with a lower fractional activity of glycogen synthase (Fig. 4) and a higher activity of phosphorylase a (Fig. 4) . Insulin decreased (p < 0.02) the activity of phosphorylase a by 38 ± 4 % and 30 ± 6 % in cells from Fa/? and fa/fa rats, respectively and glucagon increased activity (p < 0.002) by 9.3 ± 1.5-fold and 9.6 ± 0.4-fold, respectively. In the presence of insulin or glucagon the activity of phosphorylase a was higher (p < 0.01) by 2.7 or 2.3-fold in cells from fa/fa rats (Fig. 4) . To investigate whether the higher activity of phosphorylase a can be explained by a higher activity of total phosphorylase we determined the activity of phosphorylase after activation with phosphorylase kinase in cells extracted at the start of the culture. Cells from fa/fa rats had a higher (p < 0.001) activity of total phosphorylase (Fig. 4) .
Reciprocal control of glycolysis and glycogen synthesis in hepatocytes from Wistar rats. Because hepatocytes from fa/fa rats have higher rates of glycolysis but lower rates of glycogen synthesis at an equivalent glucokinase activity than Fa/? controls (Fig. 2) , we tested the possibility that impaired glycogen synthesis could be due to increased partitioning of G6P, derived from glucose, towards glycolysis. We determined whether known inhibitors of glycolysis (gluco- Fig. 1 . Distribution of glucokinase in hepatocytes from Zucker rats. Hepatocytes from female fa/fa, (U) or Fa/? (k) rats were cultured for 16 h in MEM. They were then incubated for 60 min with the glucose concentrations indicated. Free and bound glucokinase activity were determined as described in the Methods Section and free activity is expressed as % of total activity. Means ± SEM, n = 5 neogenic precursors, ethanol and palmitate [28] ) affect glycogen synthesis. Glycogen synthesis from glucose (20 mmol/l) was stimulated by gluconeogenic substrates which inhibit glycolysis but not glucose phosphorylation and by palmitate and ethanol which inhibit both glycolysis and glucose phosphorylation ( Table 2 ). The latter inhibition is due to inhibition of glucokinase translocation [29] . Stimulation of glycogen synthesis by palmitate occurs over a range of glucose concentrations (Fig. 5) . There are at least two possible explanations for the increase in glycogen synthesis. There is either partitioning of G6P derived from glucose to glycogen synthesis when glycolysis is inhibited or in the presence of increased gluconeogenesis, as would occur with palmitate and gluconeogenic substrates, G6P derived from gluconeogenesis activates glycogen synthase. To eliminate the latter possibility we used 2,5-anhydromannitol which is a potent inhibitor of both glycolysis [30] and gluconeogenesis [31, 32] . It also inhibits glycogenolysis [32] but with a lower potency than for glycolysis and has no effect on glycogenolysis at 100 mmol/l (S. Aiston, L. Agius, unpublished results). It was therefore used in subsequent studies on hepatocytes from fa/fa and Fa/? rats.
2,5-Anhydromannitol stimulates glycogen synthesis but does not correct the defect in hepatocytes from fa/ fa rats. Glycolysis was inhibited by 2,5-anhydromannitol (p < 0.001) in both fa/fa and Fa/? cells by 67 % with half-maximum effect at about 50 mmol/l (Fig. 6 ) and it stimulated (p < 0.01) glycogen synthesis by 50 % or 33 % in cells from fa/fa or Fa/? rats also with half-maximum effect at about 50 mmol/l (Fig. 6 ). Glucose phosphorylation was slightly inhibited (25 %, p < 0.01) by 250 mmol/l 2,5-anhydromannitol (Fig. 6 ) and the G6P content was increased by threefold and twofold in cells from fa/fa and Fa/? rats, respectively . B Values as a percentage of respective controls. Means SEM, n = 4, *p < 0.05, fa/fa vs Fa/? (Fig. 6 ). Because the increase in G6P was not associated with an increase in glucose phosphorylation it is most likely due to the inhibition of glycolysis. Although G6P concentrations were similar in fa/fa and Fa/? hepatocytes treated with 2,5-anhydromannitol (Fig. 6) , rates of glycogen synthesis were significantly lower in fa/fa cells (Fig. 6) . When glycolysis and glycogen synthesis were expressed as a fraction of glucose phosphorylation to account for the higher glucokinase activity in fa/fa cells, partitioning of glucose towards glycolysis was similar in hepatocytes from fa/fa and Fa/? rats (Fig. 7) . Partitioning towards glycogen synthesis was, however, twofold lower in cells from fa/fa rats and this difference was not abolished by 2,5-anhydromannitol (Fig. 7) .
Discussion
The Zucker fatty fa/fa rat is widely used as a model for Type II diabetes. Its metabolic syndrome is the combined result of the leptin-receptor defect, the hyperphagia and secondary endocrine abnormalities. In this study we investigated the metabolic defect(s) in hepatocytes from fa/fa rats maintained in short-term culture ( < 24 h) in insulin-free medium. This experimental system enables the study of glucose metabolism and short-term effects of insulin in defined substrate and hormone conditions [33] . Hepatocytes from fa/fa rats show a similar responsiveness of glycogen synthesis to insulin compared with controls in terms of sensitivity and degree of stimulation. This is consistent with previous findings that hepatic insulin receptors are not down-regulated in 10-week-old fa/ fa rats [34] . Hepatic insulin resistance in vivo has been inferred in 10 to 11-week-old fa/fa rats, based on similar rates of glycogen deposition after feeding as in controls despite higher blood insulin, glucose and lactate concentrations [8] . This could be explained by the impaired glycogen synthesis from glucose in hepatocytes from fa/fa rats observed in this study. Four lines of evidence indicate that this is not due to a defect in the maximum capacity for glycogen synthesis. Firstly, the total activity of glycogen synthase was similar in hepatocytes from fa/fa and Fa/? rats. Secondly, the activity of glucokinase, which has a high control strength on glycogen synthesis [20] , was higher in hepatocytes from fa/fa rats and the ratio of glucokinase to regulatory protein was unchanged. Thirdly, insulin caused a similar fold stimulation of glycogen synthesis in fa/fa cells as in controls. Fourthly, glucokinase overexpression caused a pronounced increase in glycogen synthesis in hepatocytes from fa/fa rats. The main metabolic characteristics of hepatocytes from fa/fa rats that could account for the impaired glycogen synthesis are the increased glycolysis, the higher activity of phosphorylase (active and total) and the lower fractional activity of synthase. The latter could be secondary to inhibition of synthase phosphatase by the increase in phosphorylase a [35] .
The hypothesis that an increase in glycolytic capacity accounts for the impaired glycogen synthesis is consistent with the finding that several inhibitors of glycolysis including gluconeogenic precursors, palmitate and ethanol have inverse effects on glycolysis and glycogen synthesis. The finding that anhydromannitol, a potent inhibitor of glycolysis, did, however, not reverse the impaired glycogen synthesis in hepatocytes from fa/fa rats does not support the hypothesis that the impaired glycogenesis in fa/fa cells is due to the high glycolysis.
The higher activity of phosphorylase a seems the most likely explanation for the impaired glycogen synthesis in hepatocytes from fa/fa rats. We cannot exclude the possibility that there could be differences in the short-term control of phosphorylase by covalent modification between hepatocytes from fa/fa and Fa/? rats. Based on the higher activity of total phosphorylase in hepatocytes from fa/fa and the similar change in phosphorylase a in the presence of glucagon or insulin the higher activity of total phosphorylase seems, however, the most likely explanation for the higher activity of phosphorylase a. An increased activity of phosphorylase a can lead to decreased glycogen accumulation by three mechanisms. Firstly, through increased degradation of glycogen. Secondly, through a decrease in the glycation state of the glycogen primer, glycogenin, which could make it a poorer substrate for glycogen synthase [36] . Thirdly, through allosteric inhibition of synthase phosphatase by phosphorylase a [35] .
Our finding that the increased activity of phosphorylase could be the main metabolic defect in hepatocytes from fa/fa rats is consistent with the increased hepatic glucose production by fa/fa rats in the basal state and after a meal [5, 6] . An increased activity of phosphorylase (active and total) was reported in the db/db mouse which is also homozygous for a leptinreceptor mutation [37, 38] . Notably, only liver and not muscle phosphorylase is increased in db/db mice [38] . A higher activity of phosphorylase a was observed in hepatocytes from fa/fa rats (compared with Fa/? control rats) during incubation with phenylephrine or vasopression [39] . It was not established however, that this was due to an increase in total phosphorylase [40] .
We have shown that culture of hepatocytes with leptin for between 4 h and 16 h decreases the activity of phosphorylase a in the basal state but not after activation by glucagon suggesting that leptin decreases the activation state of phosphorylase [14] . We have confirmed from direct determination of total phosphorylase with phosphorylase kinase that culture of hepatocytes with leptin for 24 h is associated with a decrease in phosphorylase a without a change in total phosphorylase (S. Aiston and L. Agius, unpublished results). We cannot, however, exclude the possibility that longer-term exposure of hepatocytes to leptin in vivo down-regulates total phosphorylase activity. Thus the higher activity of phosphorylase in cells , means SEM, n = 5, *p < 0.05; **p < 0.005 palmitate vs control A B from fa/fa rats could be due to either the chronic ªleptin-resistantº state in vivo or to secondary endocrine factors. Because insulin increases the stability of phosphorylase mRNA [41] the possibility that the increased insulin in vivo is a contributing factor to the high phosphorylase activity cannot be excluded. The higher activity of glucokinase and expression of the regulatory protein in hepatocytes from fa/fa rats are consistent with the high insulin concentrations in vivo, because transcription of glucokinase [42] and expression of the regulatory protein [43] are both increased by insulin.
Increased phosphorylase in fa/fa hepatocytes could lead to increased flux through a glycogenolytic and glycolytic pathway. Evidence supporting such a pathway was provided by studies on phosphorylase overexpression in muscle cells which showed increased glycolysis and lipid accumulation [44] . Similar studies in hepatocytes could clarify the role of liver phosphorylase in a glycolytic/lipogenic pathway. Because hepatocytes from fa/fa rats also have increased lipogenesis, the metabolic syndrome in hepatocytes from fa/fa rats seems analogous to that observed after phosphorylase overexpression in muscle [44] . A hepatic glycogenolytic/glycolytic/lipogenic pathway in a hyperphagic leptin-resistant state could be a mechanism for diverting excess dietary carbohydrate to triacylglycerol when the glycogen stores are repleted. Conversely, the function of leptin in decreasing phosphorylase activity [14] could be to favour glycogen storage relative to triacylglycerol stores. A clear understanding of the function of phosphorylase in determining the balance between glycogen storage and conversion to triacylglycerol is essential for establishing whether phosphorylase is a suitable target for pharmacological intervention.
